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Abstract. We considered the two-photon adiabatic rapid passage excitation of a 
single atom from the ground to a Rydberg state. Three schemes were analyzed: both 
pump and Stokes fields chirped and pulsed, only the pump field is chirped, and only 
the pump field is pulsed and chirped while the Stokes field is continuous wave (CW). 
In all three cases high transfer efficiencies > 99% were achieved for the experimentally 
realizable Rabi frequencies and the pulse durations of the fields. 
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1. Introduction 

Cold atoms in highly excited Rydberg states have been attracting a signihcant interest 
in recent years due to their exaggerated properties. Most notable is their ability to 
experience a strong and a long-range van der Waals or dipole-dipole interaction with the 
interaction strength scaling as ~ and ~ respectively, with the principal quantum 
number n [T]. The strong interaction between Rydberg atoms was suggested as a way 
to realize the two-qubit gates in quantum computing [2] and quantum simulation |3] 
setups utilizing neutral atoms. It can be used to produce highly entangled cluster states 
|1] and novel quantum many-body states such as Rydberg crystals [5]. The Rydberg- 
Rydberg interaction also drastically modihes absorptive and dispersive properties of an 
atomic gas with Rydberg excitations, leading to giant collective non-local nonlinearities 
exceeding those of EIT-media [6]. The interaction in Rydberg states may also be used in 
the deterministic single photon generation [7], the atom-light entanglement [8], a single 
photon-photon interaction [9], etc. 

Many of these applications involve the dipole blockade effect [2]. The idea behind 
the dipole blockade is to excite a single atom to a Rydberg state which will prevent 
(blockade) excitation to the Rydberg state of other atoms due to a shift of multiply 
excited state by the dipole-dipole interaction. In the blockaded regime only one atom 
has to be excited to the Rydberg state. Rydberg states are the states with large 
principal quantum numbers n > 30. For alkali metal atoms, typically used in Rydberg 
experiments, the direct transition from the ground S 1/2 to the Rydberg state lies in the 
ultraviolet range, where powerful lasers are not readily available. This limitation was 
overcome using a two-photon excitation via far-detuned intermediate Pi/2,3/2 states. In 
this case the hrst step is the excitation of the Di or D 2 transition with a wavelength in 
the range 600-1000 nm, while the second step is the excitation from the Pi/2,3/2 to the 
Rydberg state by the wavelength in the 300-500 nm range. 

An atom can be transferred to the Rydberg state with a two-photon vr pulse, which 
requires precise adjustment of the pulse Rabi frequency and the duration UniE!. A 
more robust approach is to excite the atom using a chirped pulse via adiabatic rapid 
passage (ARP) [12]. In ARP the precise adjustment of the pulse Rabi frequency and 
the duration are not required, they just have to satisfy the adiabaticity condition 
\dA^/dt\ -C where A is the detuning from the Rydberg state, and is the Rabi 
frequency. A chirped pulse one-photon excitation of a single atom to a Rydberg state 
was discussed in [131 E]) where it was shown that ARP can provide high transfer 
efficiency and is robust to small variations of the pulse duration and the Rabi frequency 
contrary to the tt pulse. In the case when a single Rydberg atom has to be excited out 
of an ensemble of N atoms, ARP has a crucial advantage over the tt pulse. The tt pulse 
excites the ensemble from a collective ground state to a symmetric collective excited 
state with one atom in the Rydberg and all other atoms in the ground state. The Rabi 
frequency for such a transition is collectively enhanced by \fN\ flw = where 

fli is the single atom Rabi frequency. Typically the exact number N of atoms in the 
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ensemble is not known, which introduces an error in Qjsf. It was pointed out in [13] that 
ARP provides an efficient excitation to the collective state even when the atom number 
is not known. 

The one-photon ARP can provide an efficient transfer to a Rydberg state, however, 
experimentally it may be inconveniently to do because it would require a chirped pulse 
in the ultraviolet range. As a more robust approach we consider implementing the two- 
photon chirped pulse excitation scheme. In this work, we analyze a possibility of the 
two-photon chirped pulse excitation of a single atom to a Rydberg state by using the 
pump and Stokes helds following three schemes, when both the pump and Stokes pulses 
are chirped, then, only pump pulse is chirped, and hnally, the pump pulse is chirped 
and the Stokes is CW. 


2. ARP in a three-level ladder system: theory 


We analyze a three-level ladder atomic system, shown in Fig.[T^. It interacts with two 
laser helds: the pump held which is close to the resonance with the \g) — |i) transition, 
and the Stokes held, close to the resonance with the |i) — \r) transition. We assume 
that the helds are detuned from the fast decaying intermediate state |i) to minimize 
its population. We also assume that the pump (and Stokes) held may be chirped in a 
general case, such that the helds’ electric components are given by 


C _ /A 

P “ 2 


-f C.C., £s = 


Esjt)^ 


/ 2 ) 


-F C.C., 


( 1 ) 


where a;p(s) is the frequency of the pump (Stokes) held, Ep^s)it) is the held amplitude, 
which may be time-dependent, and a and (3 are the chirp rates of the pump and 
Stokes helds. Neglecting decay from the excited states and aiming to illustrate the 
physical mechanism of the population transfer we write the Schrddinger equation 
ihd IT) /dt = H |T) for the wavefunction |T) = J2k=g,i,vCk \k), where the Hamiltonian 
is H = Hq Hint with Hq = huig\i >< i\ + h(jJig\r >< r\ and Rint = —p.igEp\i >< 
g\ — flnE^\r >< i\ + H.c. Setting the time-dependence of the state amplitudes as 
Cg = Cg, Ci = Ci exp (—^(cjpt-f af^/2)), = Cr exp (—^(cjpt-t-wst + -|-/5t^/2)) we 

get a set of equations 


Kit) 


.dcg --p,, 

1—=- - —Ci, 

dt 2 


Q*(t) 


( 2 ) 


where we denoted one- and two-photon detunings as ujig—tjp — at = A(t), ujrg — cap—tJs — 
at — (3t = 6(t) (see Fig.[T^), and the pump and Stokes Rabi frequencies as Hp = Epfiig/h, 

= Esfin/h. 

Next we assume that the one-photon detuning is sufficiently large, A S> f2p,fls) 
which allows us to eliminate the intermediate state |z) by setting q ~ (HpCg-|-HgCr)/2A. 
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After the elimination of c* we arrive at two equations for the probability amplitudes of 
the ground and the Rydberg states: 


1 


.dCr , 


A^) Cr — flCg, 


(3) 


where we introduced the Stark shifts of the ground Ag = |r2pp/4A and the Rydberg 
Ar = |h 25 p/ 4 A states, and the effective two-photon Rabi frequency = r2pr2s/2A. We 

^ dcg/dt \ / Cg- ^ 


hnd the atom-held dressed states and their energies by setting i 
The dressed state energies read 


dcr/ dt 


= X 


X± — —Ag -\- 


S - A^ -|- Ag 

2 


± 




We denote the effective two-photon detuning taking into account the Stark shifts 
of the ground and Rydberg states as A = 5 — (|hlsP — I^pH/^A. We also assume that 
hip, his are real, and introduce the rotation angle 9(t), describing the evolution of the 

dressed states in time, given by tan0 = ^ ~ terms of 0, the 


dressed states may be written as follows 


1+) 


sin 9 
cos 9 


respective dressed states have the following coefficients: 


— cos 9 
sin 9 


\ 9 ) 

V) 


The 
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) Alt — T" 


A ± + A2) 


1/2 


fi2+ (^A± (fi2 + A2)^'^^y 


1 / 2 ' 


Next, we analyze two limits: 1) A > 0, i.e. the helds are red detuned from the 
two-photon resonance, and A 3> hi. In this limit, tan 6* ~ hl/2A 1, which means 
that 6* ~ 0 and |-1-) Ri — k), |—) ~ Ifl'); 2) A < 0, i.e. the helds are blue detuned 
from the two-photon resonance, and |A| 3> hi. In this limit, tan6' 2|A|/hl /§> 1, and 
9 ^ 7r/2, resulting in |-|-) \g), |—) |r). This analysis shows that the system may 
be adiabatically transferred from the ground to the excited state via the |—) dressed 
state if the ehective two-photon detuning is negatively chirped, A < 0, and via the |-|-) 
dressed state if the ehective two-photon detuning is positively chirped, A > 0. 


3. ARP in a three-level ladder system: numerical analysis 

We numerically investigate ARP with the two-photon chirped pulse excitation of a 
single atom from the ground to the Rydberg state. We analyze the full atomic evolution, 
including the intermediate state, using the density matrix equation dp/dt = if/h) [p, H]-\- 
Cp, and taking into account the population and coherence decays, described by the 
Lindblad term Cp = Efcz=ir,gi rfcz/2 ((Tkip(^ti - - p(^ti^ki), where = \k >< l\ 

and afi = \l >< k\ are the atomic lowering and raising operators. We assume that 
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transitions are radiatively broadened with coherence decay rates jij = + ^jk)/‘2- 

We analyze three cases: 1) both the Stokes and the pnmp helds are chirped and pnlsed; 
2) both helds are pnlsed, bnt only the pnmp held is chirped; 3) only the pnmp held is 
pnlsed and chirped, while the Stokes held is CW. 

We consider the Ganssian time dependence of the helds Gp = flpexp{—{t — 
tpf/2T^), Gg = Ggexp(-(t-ts)V 2 r|), Up = u°+a{t-to) andcUc = u^+l3{t-to). Fignre 
[Dd displays popnlations of the three atomic states in the hrst case, when both helds are 
pulsed and chirped, depending on the pump and Stokes held Rabi frequency, assumed 
equal, and shows that high ~ 100% transfer efficiency from the ground to the Rydberg 
state may be realized. Figure [Ib shows populations at the end of the transfer process 
depending on the ratio of the pump and Stokes Rabi frequencies. One can see that the 
transfer efficiency is high in a wide range of Rabi frequency ratios 0.5 < Qp/Qs < 1-5- 
Small oscillations are observed due to a small nonadiabatic coupling of the dressed states 
in the very beginning and at the end of the pulse duration. High transfer efficiency is 
realized when adiabaticity requirements CiTp^^s) ^ 1 a << are met, which takes 
place for Op = > 50 MHz. A similarly efficient population transfer is achieved in 

the second case, when only the pump held is chirped and both pump and Stokes helds 
are pulsed, shown in Figure [2b by a solid curve. The dashed curve in Figj2b shows the 
population transfer resulting from the pump held pulsed and chirped, and the Stokes 
held being continuous wave. High population transfer to the Rydberg state is achieved 
by carefully chosen held amplitudes. The pump and Stokes held Rabi frequencies have 
to be tuned close to specihc values, but high transfer efficiency can be realized when 
their ratio is varied in the range 1.95 < Op /05 < 2.5. 

In summary, we have demonstrated a possibility of full population transfer to the 
Rydberg state in ultracold Rb by two-photon excitation using microsecond, chirped 
laser pulses and CW laser helds. We showed that implementing linearly chirped pulses 
in three diherent combinations may lead to adiabatic passage from the ground to the 
Rydberg state without populating the fast decaying intermediate state. The adiabaticity 
condition |q;| << according to the Landau-Zener formula is satished by choosing the 
chirp rate on the order of 1 MHz/fis and the peak Rabi frequency on the order of tens 
of MHz. The technique may hnd applications in two-atomic systems aiming to realize 
CNOT or two-qubit phase gate operations. 
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Figure 1. (a) Three-level ladder atomic system with a Stokes and a pump field 

interacting with the |j) — \g) and |r) — |z) transitions, respectively. The one- and two- 
photon detunings are A{t) and 6{t); (b) Populations of the atomic states |g) (black 
curve), \i) (red curve) and |r) (blue curve) depending on the Rabi frequencies of the 
fields. Pulse durations Tp = ts = I gs, chirp rates a = /3 = 4.2 MHz/^s, one-photon 
detuning A = 1.5 GHz; (c) Populations of the atomic states depending on the ratio of 
the pump and Stokes Rabi frequencies. 




(a) (b) 

Figure 2. (a) Population transfer in the case of both pump and Stokes fields pulsed 
and only pump field is chirped (solid curves). Parameters of the fileds: 12° = Hg = 25 
MHz, Tp = rs = 0.45 gs, tp = ts = 0, to = 0, A° = ojig — ujp = 1.5 GHz, a = 2 
MHz//is. In calculations we assumed the ®^Rb atom with |t) = [ 5 ^ 3 / 2 ) having the 
population decay rate 6 MHz and |r) = \97d5/2) having the population decay rate 
~ 3 • 10“° MHz; Population transfer in the case of only pump field pulsed and chirped 
and the Stokes field GW (dashed curves). Parameters of the fields: 12° = 35 MHz, 
12s = 17 MHz, Tp = 0.34 gs, tp = 0, to = —0.26 gs, A° = Wjg — ujp = 1.5 GHz, a = 2 
MHz//xs; (b) Population transfer efficiency in the latter case, when the Stokes field is 
CW, depending on the ratio of the pump and Stokes fields Rabi frequencies. 
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